Background Since the 18th century, the existence of ulnar nerve innervation of the medial head of the triceps brachii muscle has been controversial. The evidence for or against such innervation has been based on macroscopic dissection, an unsuitable method for studying intraneural topography or intramuscular branching. The study of smaller specimens (embryos or fetuses) by means of serial histologic sections may resolve the controversy. Questions/Purposes Using fetal specimens and histology we determined the contributions of the ulnar and radial nerves to innervation of the triceps brachii muscle.
Introduction
The normal and variant anatomy of nerves and muscle innervation has received much attention since the 18th century, not only for anatomic interest but also for physiologic and clinical importance. Two recent studies [3, 19] described ulnar rather than radial nerve innervation of the medial head of the triceps brachii. An extensive literature review showed that this pattern of innervation has been described by numerous authors since at least the mid-18th century [2, 4-6, 8, 11, 13, 15, 25, 27, 32, 33] .
Classic anatomists highlighted the fact that a branch of the radial nerve, leaving it before it entered the spiral The institution of one or more of the authors (TV, FM, JRS and MRN) has received research funding through postgraduate training courses from the UCM920547 Group. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Each author certifies that his or her institution approved or waived approval for the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. This work was performed at the Department of Human Anatomy and Embryology I, School of Medicine, Complutense University of Madrid, Madrid, Spain. groove, joined the ulnar nerve and innervated the medial head of the triceps brachii muscle [10, [14] [15] [16] [17] 24] . Some authors reported this branch ran along the ulnar nerve without actually joining it [7, 16, 24] , but in some rare cases it joined the ulnar nerve, putatively forming a real connection although the extent of intermingling of fibers of such a connection has not been confirmed [25, 29, 33] . Even in cases where radial and ulnar nerves were joined, the apparent ulnar nerve fibers that reached the triceps brachii muscle were branches of the radial nerve, and therefore no fibers from the ulnar nerve reached the triceps brachii muscle [7, 17, 24, 28] . These observations contradict a publication [3] wherein ulnar innervation of the triceps brachii muscle was described in 61% of the cases.
There is additional controversy regarding the nature (motor or nonmotor) of the fibers contained in the branches reaching the medial head of the triceps brachii muscle. Although the ulnar collateral branch of the radial nerve enters the medial head of the triceps brachii muscle, it was considered a sensory branch [17] and most of the motor innervation of the medial head of the triceps brachii muscle was considered to be provided by the branch emerging from the radial nerve, close to the spiral groove [17, 20, 21, 23 ]. An immunohistochemical characterization of fibertype content of these branches has not been reported so far.
If these nerve supply branches or the medial head of the triceps brachii muscle are intended to be used as a source for reinnervation of denervated muscles, as has been proposed [3] , the above indicated controversies need to be addressed. All evidence so far provided to support the existence of ulnar nerve innervation of the medial head of the triceps brachii muscle was based on macroscopic dissection, which may disturb the normal anatomy of small microscopic branches and is inadequate to examine the intraneural morphologic features and intramuscular branching patterns. Appropriately stained serial histologic sections of smaller specimens such as human embryos and fetuses may provide a more relevant technique to address the questions.
In light of these divergent views, we determined (1) whether the medial head of the triceps brachii was innervated only by the radial nerve or contained some ulnar innervation and (2) the motor and nonmotor fiber content of the ulnar collateral branch of the radial nerve.
Materials and Methods
We acquired 15 human embryonic and fetal upper limbs ( Table 1 ). The embryos used were staged according to O'Rahilly and Müller [20] , a staging method based on morphologic features rather than only by size. The fetuses were staged according to Patten [22] , whose staging method predicts gestation age depending on a range of sizes. The selected embryonic and fetal stages already had acquired adult-like morphologic features; only the size of the structures increased but no additional developmental changes occurred in the upper limb region. The embryos and fetuses were obtained with parental consent according to current law.
The embryonic and fetal specimens were embedded in paraffin to be able to obtain serial sections of 7 to 10 lm in thickness. The sections were processed without previous dissection, and therefore the anatomic details remained undisturbed. Sections were stained with standard histologic techniques (Bielschowsky, Masson's trichrome, or Azan). Three of us (APF, TV, MRN) independently examined all sections to track all neural branches; when comparing the individual diagrams drawn by each researcher, no differences could be observed and all branches were identified by all researchers. Initially, we located the sections where the brachial plexus was visible proximal to its terminal branching. From there, consecutive distal sections were serially photographed and examined to identify the radial and ulnar nerves proximally and all their branches distally if any. Tracking of the nerves in a proximal to distal sequence is a reliable method to identify all branches because one can follow the branching and the course as previously reported to track arteries [26] . The thickness of the sections (range, 7-10 lm) ensures that no branch has been left unidentified as the diameter of any branch is greater than this thickness and even the smallest branches can be observed in several sections. The last section analyzed always corresponded to a level distal to the elbow. The number of sections containing the structures of interest that were analyzed was 120 in the smallest embryo (the number of sections analyzed depended on the size of the embryo or fetus). The embryos and fetuses used in our study belonged to our collection, and all our attempts to perform immunohistochemical analysis remain unsuccessful, probably owing to the interference in the antibody-epitope recognition by the fixative used to preserve the specimens. Therefore, to assess the content of motor fibers contained in the radial nerve branches, we analyzed neural branches obtained from adult human cadavers. The neural branches were obtained by careful macroscopic dissection exposing all the area extending from the axilla to just distal to the elbow. A surgical microscope was used during the dissection when the neural branches were too small. The radial nerve branch running together with the ulnar nerve known as the ulnar collateral nerve was isolated approximately 1 cm after branching from the radial nerve at the axilla level and before it joined the ulnar nerve, in six upper limbs (from three male and three female cadavers). The nerve branch was embedded in paraffin and 40 to 60 sections of 10-lm thickness were obtained. Half of the sections were stained following a previously described standard immunohistochemical procedure using a goat anticholine acetyltransferase (ChAT) antibody (AB144P, EMD Millipore Corp, Billerica, MA, USA), which characterizes motor fibers [1] . Control experiments were performed to exclude unspecific immunohistochemical staining. For this purpose, the remaining half of the sections obtained from the same six adult specimens, and corresponding to adjacent sections of those stained with the ChAT antibody, were subjected to the same immunohistochemical procedure but without adding the primary antiChAT antibody. Each stained section was compared with its adjacent nonstained control section.
Results
In all 15 embryonic and fetal upper limbs, branches from the radial nerves (known as the ulnar collateral nerve) emerged at the level of the axillae and ran toward the ulnar nerves ( Fig. 1A-C) . These branches joined the ulnar nerves' sheaths in the upper third of the arms but without intermingling with the ulnar nerve fibers ( Fig. 1D-E ). They remained intimately linked to the ulnar nerves until the distal arm regions where they abandoned the ulnar nerves and entered the medial heads of the triceps brachii muscles (Fig. 1F ). In one instance owing to the intimate proximity of the ulnar collateral nerve and the ulnar nerve at the level of the axilla, potential intermingling of the fibers could not be excluded; however, no ulnar nerve branches could be observed to the medial head of the triceps in the elbow regions. An additional branch for the medial head of the triceps brachii muscle originated more distally from the radial nerve when this entered the spiral groove (Fig. 1C ).
This branch had a larger caliber than the first branch (Fig. 1C ). The branches of the radial nerves for the long and lateral heads of the triceps brachii muscles also emerged at axilla levels (Fig. 1A) ; the lateral heads received additional innervations from the radial nerves in the spiral grooves; these branches were already visible at axilla levels but remained close to the main radial nerve trunks until midarm levels where they entered the muscle bellies to provide their innervations (Fig. 1D ). Real ulnar nerve branches to the triceps brachii muscles were not observed in any of the specimens.
In the adult samples, two different anatomic arrangements could be observed. In both cases, the radial nerve branches (ulnar collateral nerve) for the medial heads of the triceps emerged at the level of the axillae and ran toward the ulnar nerves ( Fig. 2A) . Then the radial nerve branches either joined the ulnar nerves ( Fig. 2A) or ran independently along them until reaching the medial heads of the triceps brachii muscles. This ulnar collateral nerve branch, independently of its disposition, is considered a constant branch that was present in all specimens. The immunohistochemical analysis revealed that the ulnar collateral nerves (radial nerve branches) carried ChAT positive and negative fibers, indicating this branch carries some motor innervation but also nonmotor fibers ( Fig. 2B-C) . The control showed no staining ( Fig. 2D-E ).
Discussion
The current study was conducted to try to solve the persistent controvery regarding whether the medial head of the triceps brachii muscle receives innervation via the ulnar nerve, and whether the ulnar collateral nerve (branch of the radial nerve) provides motor fibers to the medial head of the triceps brachii muscle or it is just a sensitive branch. These anatomic controversies need to be solved before use of the medial head of the triceps brachii muscle or its nerve supply as a source for reinnervation of denervated muscles [3] . In light of the divergent views, we determined (1) whether the medial head of the triceps brachii was innervated only by the radial nerve or contained some ulnar innervation, and (2) the motor and nonmotor fiber content of the ulnar collateral branch of the radial nerve.
We note limitations to our study. First, the two questions could not be addressed with the same type of material (embryonic and fetal) as all the immunohistochemical procedures were not examined in the embryonic and fetal specimens and we had to rely on samples obtained from adult specimens to assess the fiber-type content of the ulnar collateral nerve. However, taking into consideration that the embryos and fetuses studied already had acquired adult-like morphologic features, it seems unlikely that the fiber type would change between the prenatal and postnatal adult period, and therefore the results obtained in the adult specimens may be applicable to the embryonic and fetal periods. Therefore the conclusions reached most probably would be the same if the same type of material could have been used to address both questions. Second, the size of the embryonic and fetal sample is not large (n = 15) and therefore rare nerve variations may not have been detected. However, the aim of the current study was not to detect rare anatomic variations but to establish whether ulnar nerve innervation occured in approximately 61% of the specimens as previously stated [3] . The size of the sample is similar to a previous study in which 18 specimens were used [3] , and therefore the conclusions reached in this study may be comparable to those of the study by Bekler et al. Third, owing to the small size of the sample of adult specimens, an exact quantification of the number of fascicles and fiber types in the ulnar collateral nerve was not attempted as it probably would not have provided robust statistical data. However, such quantification was not the aim of our study, which was rather to show whether the nerve had pure or mixed fiber types (either motor or nonmotor), and this aim was achieved with the small sample used. Fourth, interobserver variability is an issue that always may influence the conclusions reached, but in our case the results obtained by three independent researchers were the same. Fifth, the small size of the embryonic and fetal sample did not allow us to analyze the rare cases where the radial nerve is absent [4] as we did not encounter any such case. Taking into consideration that in the previously reported cases, the lack of a radial nerve affected only the sensory branch and this was compensated for by the musculocutaneous nerve [4] ; we believe that this does not affect the conclusions reached in the current work in which the main issue is motor innervation of the radial or ulnar nerves.
In all of our embryonic and fetal sections a radial nerve branch originated in the axilla and joined the ulnar nerve along its course to the forearm, as previously described in adults [15] . In some of our adult cases the radial nerve branches seemed to join the ulnar nerves, but our histologic analysis showed the fascicle remained surrounded by its own perineurium and did not intermingle with proper ulnar nerve fibers; these branches separated from the ulnar nerves in the distal arm to innervate the medial head of the triceps brachii muscles. These observations were in accordance with previous reports [17, 29, 30] , but they contradict a recent publication that reported ulnar nerve innervation of the medial head of the triceps brachii muscles in as many as 61% of cases [3] . These differences may be explained because some studies did not follow proximally the apparent ulnar nerve branches to the triceps brachii muscles and therefore these studies probably overlooked the fact that the branches originated from the radial, rather than the ulnar nerve [2, 3, 11, 19] . Those studies that performed a thorough analysis with proximal dissection [7, 15, 24, 28] came to the conclusion that the presence of ulnar nerve branches to the triceps brachii muscle was always associated with a proximal radial and ulnar connection in the axilla. The fact that the ulnar nerve branches to the triceps brachii muscle could be easily separated from the main ulnar trunk and followed proximally along the radial and ulnar connection to the main radial nerve trunk in the axilla, led to the conclusion that the apparent ulnar nerve branches to the triceps brachii muscle were actually radial nerve branches [7, 15, 24, 28, 29] . All previous studies were based on macroscopic dissection of adult specimens and therefore the ability of the investigators to carefully dissect the specimens may have influenced the conclusions reached. In contrast, our embryonic and fetal analysis did not require dissection and therefore the anatomy was undisturbed. Furthermore, the nature of the material used in the current study allows the study of intraneural morphologic features that is not possible with macroscopic dissection. By using this method, we reached the same conclusion as the classic studies [7, 17, 30, 31] : all the triceps brachii muscle innervations were attributed completely to the radial nerve; furthermore, the intraneural fasciculations observed in our embryonic and fetal specimens mimicked previous observations in adult cadavers [17] . The connection between the radial and ulnar nerves has been noted in a case report [33] , but several studies [2, 12, 24] suggest incidences ranging from 0.63% to 3%. These are the cases that could be mistaken with ulnar innervations of the triceps brachii, which has a much lower incidence than recently reported 61% [3] . Furthermore, several studies of the ulnar nerve around the elbow have concluded that proximal to the elbow only capsular branches [9] or muscular branches for the forearm muscles originated form the ulnar nerve [18, 31] . Therefore, only one study has thus far shown a more frequent ulnar than radial innervation of the medial head of the triceps brachii muscle [3] . Finally, one histologic study [3] could not confirm the innervation of the medial head of the triceps brachii muscle was supplied by the ulnar nerve as the images only showed there was muscle and neural tissue; no neuromuscular connection was observed. The fact that nerve branches enter muscle bellies does not prove they carry motor innervation. The functional importance of the apparent ulnar nerve branches to the medial head of the triceps brachii muscle or the ulnar collateral nerve (radial nerve branch) entering this muscle belly remains controversial. It has been suggested these branches were motor branches and may serve for nerve transposition procedures [3] . However, as reported by Linell [17] , one study based on the analysis of nerve injuries showed the motor function of the medial head was not compromised after injury to these branches or the ulnar nerve and therefore these branches were considered mainly sensory. Furthermore, according to some authors [17, 23] most of the innervation of the medial head of the triceps brachii muscle is provided by the branch emerging from the radial nerve close to the spiral groove. Our immunohistochemical analysis showed that even though ChAT-positive fibers were present in the ulnar collateral nerve (radial nerve branch), a high number of ChAT negative fibers was observed, indicating this radial nerve branch is not exclusively of a motor or sensory nature but rather of a mixed nature containing a varible number of motor and sensory fibers. Future electromyographic studies may determine the exact extent by which each radial nerve branch entering the medial head of the triceps brachii is responsible for its motor innervation.
We found innervation of the medial head of the triceps brachii muscle always was provided by the radial nerve; sometimes a connection between the radial and ulnar nerve existed, resulting in an apparent ulnar nerve origin of the muscular branches to the medial head of the triceps. Our histologic analysis, however, showed the fibers in these ulnar nerve branches to the medial head of the triceps brachii originated from the radial nerve. Therefore, before performing or suggesting new muscle or nerve transposition procedures that use this apparent ulnar innervation, the real origin should be confirmed. Although the controversy of ulnar nerve innervation may continue to exist, we reiterate a statement by Cruveilhier: ''The ulnar nerve does not emit any branch in the arm; the mistake of anatomists who claim the contrary comes from the fact that the branch to the medial head of the triceps brachii, that comes from the radial nerve, is intimately linked with the ulnar nerve in most of its course and therefore, in an initial approach it would seem that the branch originates from the ulnar nerve'' [7] .
